The human genome is exposed to a gamut of cellular and exogenous insults on a daily basis which needs to be monitored for proper cellular functioning and survival. This surveillance is undertaken by a myriad of protein players that ensure temporal and spatial regulation of cellular homeostasis. Kinases lie at the epicenter of the DNA damage response and exhibit a dynamic functionality, from responding to the damage to regulating the role of other proteins involved in detecting and repairing the damage. Here, we review some of the key kinases involved in DNA damage response pathways and their inhibitors that are either in clinical trials or have received approval for disease treatment.
Introduction:
Cellular DNA is constantly damaged by a wide variety of intrinsic and extrinsic factors, some of which mainly include DNA replication-induced base mismatches, bulky DNA adducts and DNA double-strand breaks (DSBs) caused by UV and other forms of radiation, intrastrand and interstrandcrosslinks (ICLs) caused by chemicals and byproducts of metabolic processes etc. [1, 2] . Of these, DSBs and ICLs form the most deleterious lesions since it involves both strands of DNA and affect the major DNA transactions like replication, recombination, and transcription, causing major cellular damage. The cellular machinery has a repertoire of different mechanisms to circumvent these insults, preferably by halting the cell cycle progression and allowing the cells to either repair the damage or undergo apoptosis. This is extremely critical for the maintenance of cellular homeostasis and genomic integrity.
The DNA damage response (DDR) is mediated by an intricate network of proteins that are recruited to sites of damaged DNA in a highly orchestrated and regulated fashion. The accumulation of these proteins is dictated by a wide range of post-translational modifications (PTMs) like ubiquitylation, sumoylation, phosphorylation, neddylation etc. occurring both within the chromatin and the incoming responders. Of these, phosphorylation is one of the crucial PTMs governing the regulation of DNA damage signaling events and in this context, protein kinases constitute an important class of signaling molecules that are often dysregulated or mutated in human cancers, making them ideal candidates for targeted therapy [3, 4] .The significance of kinases in DDR pathways have been studied for decades using knockdown or overexpression studies. More recently, there has been an explosion of drug screening studies that have identified kinases as essential drug targets, thus underscoring their importance not only in DDR pathways [5] but in a wide variety of signal transduction pathways. In this review, we will focus on some of the important protein kinases encoded by the human genome that are primarily involved in the DDR pathways. We would like to note here that, some of these kinases have been extensively reviewed earlier [5] [6] [7] . We will try to give a fresh perspective as to how these kinases are activated and the subsequent functions they elicit in response to DNA damage, although some information still remains the same. We will conclude with a brief insight into their potential for cancer therapeutic intervention, thus bolstering the cancer armamentarium.
Serine/Threonine Protein Kinases -(ATM, ATR,
is recruited to these sites through its binding to Nbs1 (a part of the Mre11-Rad50-Nbs1 or MRN complex). The MRN complex activates ATM's kinase activity which then phosphorylates a cascade of different proteins downstream. ATM phosphorylates histone H2AX at Ser 139 which is then recognized by mediator of DNA damage checkpoint protein 1 (MDC1) and helps to sustain ATM activation in a feedforward loop. This initiates a ubiquitylation-dependent DDR response through the recruitment of ring finger protein 8 (RNF8) and ring finger protein RNF168 (RNF169) which further recruits p53-binding protein (53BP1) to these sites [21] . In addition to the role of the MRN complex in ATM activation, another factor that also influences ATM activation is Histone Acetyl Transferase (KAT5) or Tip60 [22] , which is recruited to sites of DNA damage and acetylates ATM at Lys 3016. A more recent study showed that UFM1 specific ligase 1 (UFL1), the E3 ligase that conjugates Ubiquitinfold modifier 1 (UFM1) to its substrates, also called UFMylation, initiates a long signaling cascade wherein it UFMylates histone H4 which then recruits the suppressor of variegation 3-9 homolog 1 (Suv39h1) complex to DSBs. This then trimethylates histone H3 at Lys 9 leading to KAT5/Tip60 accumulation and subsequent ATM activation [23, 24] . The importance of UFMylation in ATM activation was also shown in another study by Wang et al. (2019) where they showed that UFL1 UFMylates meiotic recombination 11 (MRE11) at Lys 282, leading to MRN complex formation and ATM activation [25]. In the same context, Ha et al. (2019) showed that Pellino1, a ubiquitin ligase which responds to DNA DSBs, is involved in ATM activation through a phospho-H2AX-NBS1-ATM signaling axis [26] . These studies show that the mechanisms behind ATM activation are still being deciphered and suggest an important link to a wide range of post-translational modifications.
The repair of these DNA DSBs is needed to allow proper survival of the cells. Some of the pathways that are involved in the repair of DNA DSBs are non-homologous end joining (NHEJ), homologous recombination repair (HRR), single-strand annealing (SSA), microhomologymediated end joining (MMEJ) etc. Earlier studies have shown ATM to be involved in NHEJ and HRR pathways, although the exact mechanism is still not known.
In comparison to ATM, DNA-PK's role is restricted to the NHEJ repair pathway. The NHEJ pathway is triggered by the binding of Ku to stabilize the broken DNA ends and protect them from degradation [27] . This is followed by the recruitment of DNA-PKcs, thus completing the DNA-PK complex [28] which in turn helps in the recruitment of X-ray repair cross-complementing protein 4/XRCC4-like factor/Ligase IV (XRCC4/XLF/Lig4) complex. Once bound to the DNA, DNA-PK undergoes autophosphorylation and further recruits the Artemis nuclease that processes modified DNA ends [29, 30] . Interestingly, DNA-PKcs has been shown to phosphorylate ATM at multiple sites and thus acts as a negative regulator of ATM's activity [31] . Further, the authors showed that since ATM promotes HRR, inhibition of ATM's activity by DNA-PKcs could influence the choice of the repair pathway for DNA DSBs.
ATR, in contrast to ATM and DNA-PK, responds to a wide range of DNA damaging lesions. Of these, ssDNA formed in cells (through replication, transcription, or repair) is the primary structure that activates ATR. The ssDNA is then coated with replication protein A (RPA), which is then recognized by the ATRIP protein that helps in localizing the ATRIP-ATR complex to sites of replication stress and DNA damage [32] . However, the kinase activity of ATR is triggered by its interaction, mediated by the Rad9-Hus1-Rad1 (9-1-1) complex, with DNA topoisomerase II-binding protein 1 (TopBP1) that contains an ATR-activation domain and is known to function in replication and checkpoint activation [33, 34] . Ewing's tumor-associated antigen 1 (ETAA1) is another activator identified for ATR, which binds to RPA-coated ssDNA but does not require the 9-1-1 complex [35] [36] [37] .
The DDR elicited by ATM/ATR leads to the G1, S, and G2 checkpoint activation primarily through activation of another set of serine/threonine kinases, checkpoint kinase 1 (Chk1) and (Chk2) (reviewed in [38] ( Figure 1B ). When the cells encounter a DNA DSB during the G1 phase, ATM phosphorylates p53 tumor suppressor protein at Ser 15 which was also shown to be a phosphorylation site for ATR in the absence of ATM [39, 40] . Alternatively, ATM phosphorylates Chk2 at Thr68 which then phosphorylates p53 at Ser 20 [41, 42] . These phosphorylation events on p53 then ultimately lead to G1 phase arrest or apoptosis. When the ionizing radiation (IR)-induced lesion is encountered during the S phase, the ATM/Chk2 pathway is activated and leads to the phosphorylation and degradation of cell division cycle 25A (Cdc25A) at Ser 123, a phosphatase that is required for activation of the cyclindependent kinase 2 (Cdk2)/cyclin A complex for DNA synthesis and subsequent S phase progression [43] . A disruption in this pathway leads to a radioresistant DNA synthesis (RDS) phenotype. On the other hand, when the lesion encountered is through UV radiation or replication errors, ATR gets activated which then phosphorylates Chk1, BRCA1 or Nbs1 leading to S phase delay or replication fork restart. Finally, when the lesion encountered is during the S/G2 phase of the cell cycle, two possibilities occur. Cells in G1-S phase, following irradiation, activate ATR which then phosphorylates Chk1 at Ser 345 [44] and cells in G2 phase itself, following irradiation, activate ATM which then phosphorylates Chk2 at Thr68 [45] and both of these events ultimately cause cytoplasmic sequestration of Cdc25C phosphatase, preventing the activation of mitotic cyclin B.cdc2 complex.
In addition tothese kinases, there are other serine/threonine kinases that also get activated in response to DNA damaging agents. Since a detailed discussion of these kinases is beyond the scope of this review, we have summarized these kinases and their functions in DDR as listed in Table 1 .
In summary, the three DDR kinases, ATM, ATR and DNA-PK and the checkpoint kinases, Chk1 and Chk2 constitute the major serine/threonine kinases that form some of the pivotal building blocks of the DDR response, the absence of which can lead to catastrophic consequences within the genome leading to genomic instability and cancer.
Tyrosine Kinases: A major supporting cast in the DDR
Tyrosine kinases -both receptor (RTKs) and non-receptor (NRTKs) -regulate important cellular signaling events pertaining to proliferation, differentiation, survival etc. In the case of the DDR, tyrosine kinases are activated and interact with and regulate the activity of different proteins involved in the DDR, repair and cell cycle progression. Additionally, they epigenetically regulate DDR proteins through histone and chromatin modifications. In humans there are several subfamilies and groups of receptor and non-receptor tyrosine kinases [58, 59] . We will briefly discuss a few examples from each group, especially focusing on their roles in DDR.
Epidermal growth factor receptor (EGFR) is one of the transmembrane RTKs, mutations in which have been associated with many cancers. EGFR is phosphorylated at residues Y845 and Y1173 after irradiation and then interacts with DNA-PK [60] . In this context, Zhou et al. showed that the insulin-like growth factor binding protein 2 (IGFPB2) activates EGFR-DNA-PKcs signaling and this prevents DNA damage induced by bile salts in esophageal adenocarcinoma, likely due to increased DNA repair through NHEJ [61] . Extracellular-signal-regulated kinase (ERK) activation has been seen on DNA damage and a recent study demonstrated a biphasic activation of ERK with the first phase requiring EGFR and eventually activating pro-survival signals and the second phase requiring protein kinase C delta (PKCδ) to promote apoptosis [62] . Apart from the DDR, many studies have also shown EGFR to be involved in DSB repair. For example, EGFR interacts with BRCA1 and also phosphorylates ATM at Tyr 370 upon DSB formation [63, 64] . In summary, these studies show the duality of EGFR in regulating both the DDR and Repair. Other than EGFR, Insulin like Growth Factor 1 Receptor (IGF-1R) is another RTK that is also activated by ionizing radiation and has been shown to be involved in DNA repair by HR [65, 66] . Another role was shown by Kemp et al. wherein IGF-1R is needed for the ATR-Chk1 signaling in human keratinocytes exposed to UV-B radiation [67] . In neurons, the tropomyosin receptor kinase A (TrkA) is a RTK that is a receptor for neurotrophin that are needed for the development and function of neurons [68] . It was seen that human SY5Y neuroblastoma cells showed increased NHEJ via upregulated XRCC4 which was attributed to overexpression of TrkA [69] . Nonreceptor tyrosine kinases (NRTKs) are cytosolic proteins and are capable of translocating into the nucleus to transmit signals from activated RTKs and activate DDR pathways. The Abelson murine leukemia viral oncogene homolog 1 (Abl-1) is a NRTK that is activated in response to genotoxic stress and phosphorylates different proteins involved in DNA repair and cell cycle checkpoints. A wide range of Abl-1 activity during DDR has been demonstrated over the past many years. Abl-1 interacts with Ku and dissociates the Ku-DNA-PKcs complex during NHEJ [70] . In response to DNA damage, Abl-1 phosphorylates the homeodomain-interacting protein kinase 2 (HIPK2) at Tyr 360 and induces apoptosis [47] . A unique function of Abl-1 in DDR was recently demonstrated in which Abl-1 activity was seen on RNA pol II following DNA damage to produce damage-responsive transcripts, an important component of RNA-dependent DDR [71] . The Src family of NRTKs mainly constitutes Src, Lyn and Fyn kinases. Of these, Src has been shown to promote the termination of the DDR through silencing ATR-Chk1 signaling [72] . Further, in response to ionizing radiation, Lyn kinase has been shown to regulate DNA-PK and also interact with CDK1 [73] . These were some of the classical NRTKs and their distinct roles in the DDR. Before we conclude, it is noteworthy to mention about the Williams syndrome transcription factor (WSTF) kinase which is neither a RTK nor a NRTK, but a bona fide TK which quite recently was shown to phosphorylate H2AX at Tyr 142 and induces transcription-coupled HR at DNA breaks [74] .
Dual Specificity Kinases: Let's also play in the DDR
Majority of the kinases involved in the DDR as discussed above are either serine/threonine kinases or tyrosine kinases. However, certain kinases are able to phosphorylate both serine/threonine and tyrosine residues on protein substrates and constitute the dual specificity kinases. The dualspecificity tyrosine-phosphorylation-regulated kinases (DYRKs) have been shown to regulate cell survival, protein stability, cell cycle control and apoptosis [75] [76] [77] . ATM was shown to phosphorylate DYRK2, facilitating its nuclear entry and protection from mouse double minute 2 homology (MDM2)-mediated degradation [78] . Recently, three independent studies showed the involvement of DYRK1A in the DNA damage response [79] [80] [81] . To our knowledge, this is the first time a direct involvement of DYRK kinases in the DNA damage response has been shown. LIM kinases are another group of dual specificity kinases that control microtubule and actin dynamics. In the context of DDR, the only known role of LIM kinases was shown by the increased expression of the LIMK2b isoform which was regulated by p53. Further, deletion of LIMK2b resulted in impaired G2/M arrest following irradiation [82] . Proliferating cells show high levels of TTK kinases which are human homologs of the yeast Monopolar spindle 1 (Mps1) and are dual specificity protein kinases [83] . After irradiation, TTK/hMps1 ("h" for human) phosphorylates Chk2 at Thr68 and knockdown of TTK showed impaired G2/M arrest [84] . TTK/hMps1 was also shown to phosphorylate MDM2 at Thr304 and Thr306 after H2O2-induced oxidative stress, suggesting a broad functionality of TTK in various forms of DNA damage [85] . We believe that future phosphoproteomic studies could identify and help in characterizing many more dual specificity kinases that play important roles in the DNA damage response and, maybe, repair.
Kinase Inhibitors and Therapeutic Intervention:
Tyrosine kinases have been extensively investigated as therapeutic targets, especially in the context of cancer-therapy. A significant number of small molecules and antibodies continue to receive FDA approvals, while many more are in early/late stages of clinical-trials. Clinical studies are also expanding the application of these pharmacological entities toward treatment of other diseases such as inflammation, neurodegeneration, infectious diseases and auto-immune disorders [86] . Additionally, evidence suggests that combination therapy with one entity targeting a kinase pathway significantly delays resistance and improves overall response [87] . As a result, multiple clinical-trials have included a kinase targeting pharmacological entity in their approach (For e.g., NCT00672295, NCT03799094; https://clinicaltrials.gov/). Tyrosine kinase inhibitors (or TKIs) are a class of pharmacological molecules designed to inhibit the phosphorylation of tyrosine (Y) residues on proteins that play a key role in various cellular pathways. These molecules, especially small molecule inhibitors, compete with ATP for binding in the intracellular catalytic domains of tyrosine kinases that possess specific mutations or that are overexpressed in cancer cells which results in a constitutively active kinase. For e.g., Imatinib mesylate was one of the first kinase inhibitors that was approved for cancer treatment and it functions by occupying the active-site evicting ATP and thereby diminishing phosphorylation. As mentioned above, the kinases that participate in DDR are reported to be genetically altered frequently in a number of cancer subtypes. Therefore, these enzymes represent potential therapeutic targets in cancer therapy.
Several reviews have already illustrated the application of clinically actionable inhibitors that target ATM, ATR or DNA-PK [88, 89] . Multiple studies have investigated the effects of pharmacological inhibition of these enzymes in cohorts of animals and humans [90] [91] [92] . In Table  2 , we list the FDA approved drugs (small molecule inhibitors/mAbs) mainly for tyrosine kinases since clinical trials are still ongoing for Ser/Thr and Dual Specificity kinases. Additionally, we also list out common genetic alterations that are found in these kinases in every cancer-type, as per TCGA database (cbioportal.org)
Conclusions and Future Perspectives:
Cancer continues to be a leading cause of death worldwide, commonly due to acquired drug resistance and cancer metastasis. Although these two events are considered to be independent events, they are caused due to multiple kinases working in unison at a molecular level. While existing kinase inhibitors often fail to overcome the resistance offered by the diseases, new inhibitors that target "undruggable" kinases are highly desirable. This is possible by comprehensive characterization of protein signaling pathways that are regulated by these kinases, which will be critical for the development of future curative therapies not only cancers but for many other diseases/disorders. In light of this, protein kinases form the cornerstone of the DDR and primarily act as key regulators of a wide range of signal transduction pathways required to maintain cellular stability and survival. An in-depth knowledge of the crosstalks between these kinases before or after DNA damage would be immensely useful to study and identify potential driver mutations that lead to tumorigenesis via conferring a selective growth advantage to cancer cells and passenger mutations that do not confer any selective phenotype. Future studies should be focused on identifying more players that are specifically a part of the DDR, understanding their mechanism of action, and determining if they are suitable targets for different modes of treatment and cure. 
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